Population (probability) maps of cytoarchitectonically defined cortical maps and myeloarchitectonically defined subcortical fiber tracts of the human brain became recently available. These maps can be used for the precise anatomical localization of activated foci as found in functional imaging studies. The aim of this study is to evaluate population maps of the human acoustic radiation (AR) for the purpose of brain mapping studies. Thus, a stereotaxic 3-D representation of the human AR was computed which includes myeloarchitectonic probabilistic maps of AR and its thalamic origin, i.e. the cytoarchitectonically defined medial geniculate nucleus (MGN). These maps were compared with earlier, mostly schematic drawings of AR and MGN. To generate these maps, the degree of intersubject variability of AR and MGN in each stereotaxic position was quantified for the standard axes (x, y, and z) of the reference space in a series of 10 adult human postmortem brains. The results show that the location and volumes of AR and MGN vary considerably between individuals and hemispheres. It is demonstrated that this striking degree of spatial variations may lead to structural-functional mismatch in brain mapping studies based on the Talairach atlas (discrepancy maps). Furthermore, the volumetric measures showed no hemispheric asymmetry for AR and MGN. In contrast to earlier maps, our approach provides microanatomically defined data as a probabilistic reference system for research in auditory structure-function relationships. © 2002 Elsevier Science (USA)
INTRODUCTION
The aim of the present work was the stereotaxic and volumetric analysis of myeloarchitectonic data on the acoustic radiation (AR) in the human brain. AR represents a functionally and structurally important part of the auditory pathway projecting from the medial geniculate nucleus (MGN) to the primary auditory cortex (PAC). The study relates to our previous cytoarchitectonic analysis and probabilistic mapping of PAC (Brodmann area 41; Morosan et al., 2001; Rademacher et al., 2001a) and was designed to provide new data in the same series of 10 postmortem brains as previously studied for PAC by mapping the localization and extent of AR in the same stereotaxic reference system (Roland et al., 1994; Roland and Zilles, 1996) . We also provide stereotaxic and volumetric data for the cytoarchitectonically defined medial geniculate nucleus (MGN) in order to account for the principal auditory relay nucleus of the thalamus. To achieve optimal compatibility of our data with functional mapping studies, probabilistic maps for the localization of AR and MGN were generated in accordance with the recent recommendations of the International Consortium for Brain Mapping (ICBM) (Mazziotta et al., 2001) . These high-resolution three-dimensional (3-D) anatomical maps are also suited to define the degree of intersubject variability and interhemispheric (a)symmetry in the positions and volumes of AR and MGN.
Modern neuroimaging techniques provide the means to explore the neuronal mechanisms of human auditory processing at cortical and subcortical levels (Guimaraes et al., 1998; Edmister et al., 1999) . However, most of our anatomical knowledge about the subcortical auditory system comes from animal studies and cannot be simply transferred to the human brain (Pandya, 1995; Rauschecker, 1997; Hackett, 1999, 2000; Tian et al., 2001) . Since fiber tracts reflect thalamocortical connectivity in the brain, parcellating the white matter into structurally and functionally distinct fiber tracts is as important for our understanding of human brain organization as the parcellation of the cortex and brainstem into architectonically defined areas and nuclei. In this context, we consider the application of probabilistic microanatomical techniques to brain parcellation as being crucial for optimizing and interpreting in vivo brain mapping studies Roland and Zilles, 1998; Zilles and Pal-omero-Gallagher, 2001 ). The rationale for this approach may be elucidated by two principal issues, i.e., (i) its anticipated utility for advanced MR brain mapping methods based on diffusion-weighted tensor (DT)-MR imaging (DTI) and, more generally, (ii) its power to overcome relevant limitations of previous cerebral landmark-based (gyri, sulci) or Talairach atlas-based (stereotaxic coordinates) (Talairach and Tournoux, 1988) parcellation methods.
Despite their potential utility in clinical and research settings, the range of intra-and interindividual variations in location and size of myeloarchitectonically defined cerebral fiber tracts is largely unknown , because they are not routinely identifiable by standard MR imaging techniques. Heavily myelinated and compact fiber bundles of the cerebral white matter may or may not show a decreased signal intensity that can be seen on T2-weighted spin-echo MR images (Curnes et al., 1988) . Similarily, MGN may only occasionally be depicted in T1-weighted MR images (Armington et al., 1988; Guimaraes et al., 1998) . Thus, standard MR signal patterns do not permit a reliable segmentation of the extent of myeloarchitectonically defined fiber tracts and their subcortical nuclei of origin or their cortical target areas. Recently, MR-based fiber pathway studies have shown that DT-MR images (Conturo et al., 1999; Virta et al., 1999; Basser et al., 2000; Le Bihan et al., 2001; Pierpaoli et al., 2001; Stieltjes et al., 2001) allow for a much better in vivo visualization of fiber tracts, but the different approaches have not yet been validated by comparisons with myeloarchitectonic maps. DTI characterizes the white matter based on measurements of anisotropy and fiber orientation (Makris et al., 1997; Pajevic and Pierpaoli, 1999) . The identification of a specific, i.e., myeloarchitectonically defined fiber tract with this method is, however, still problematic due to the existence of neighbouring, crossing or obliquely penetrating fibers which may presently not be detectable (Stieltjes et al., 2001) . The results of DTI also appear to vary considerably depending on the choice of processing algorithms (Pajevic and Pierpaoli, 1999) . The DT-based tracking of axonal projections (i.e., fiber tracking; Conturo et al., 1999; Basser et al., 2000; Poupon et al., 2000) is influenced by the sizes of the fiber tracts of interest and by partial volume effects due to the choice of image plane and the in-plane spatial resolution. Further complications arise from the lack of precise anatomical knowledge on the trajectories of specific fiber tracts (Crick and Jones, 1993; Stieltjes et al., 2001) . In view of such limitations, current studies are often restricted to very large fiber tracts such as the pyramidal tract or the callosal commissure. Thus, future DTI studies can be evaluated by comparison with myeloarchitectonical data which may serve as anatomical "gold standard."
The generation of high-resolution stereotaxic probabilistic maps for macroanatomical (Penhune et al., 1996; Tomaiuolo et al., 1999; Westbury et al., 1999; Thompson et al., 2001; , microanatomical (Geyer et al., 1996 (Geyer et al., , 1999 (Geyer et al., , 2000 Van Essen et al., 1997 Amunts et al., 1999 Amunts et al., , 2000 Bü rgel et al., 1999; Morosan et al., 2001; Rademacher et al., 2001a,b) , and functional (Bodegard et al., 2001; brain regions is potentially the most useful strategy which can account for spatial variability as a confound (Roland et al., 1994; Mazziotta et al., 1995 Mazziotta et al., , 2001 Zilles et al., 1995) . It is based on advanced computerized spatial transformation alghorithms (for example: Schormann et al., 1993 Schormann et al., , 1995 Zilles, 1997, 1998; Woods et al., 1999; Thompson et al., 2000) . Previously, the usefulness of this new approach has almost exclusively been demonstrated for cerebral cortical areas and not fiber tracts or thalamic nuclei (exceptions: optic radiation by Bü rgel et al., 1999 ; pyramidal tract by Rademacher et al., 2001b) . In the present study, a sophisticated probabilistic mapping tool has been applied to AR and MGN.
THE MAPS OF DEJERINE (1895), FLECHSIG (1920), AND PFEIFER (1920)
In contrast to the classical cytoarchitectonic studies (Brodmann, 1909; von Economo and Koskinas, 1925) , the early myeloarchitectonic observations of Dejerine (1895), Flechsig (1920), and Pfeifer (1920) have largely fallen into oblivion (Fig. 1) . Today, most neuroanatomic textbooks contain extremely simplified and schematized figures of AR or there is virtually no information on this fiber tract. Comparative studies in nonhuman primates have generally stressed the aspect of connectivity while the important issue of fiber tract topography has received less attention (Pandya et al., 1994; Hackett et al., 1998) . The origin of AR in MGN has first been described by von Monakow (1882), based on experimental lesion studies in the rabbit brain. The classical topographical descriptions in the human brain locate the proximal part of AR just posterior to the thalamus where AR originates in MGN, then passing through posterior portions of the internal capsule, and curving around the inferior sulcus of the insula before finally reaching Heschl's gyrus (HG) and PAC (Dejerine, 1895; Probst, 1906; Quensel, 1908) . Originally, it was believed that AR courses in the medialto-lateral direction through the white matter core of HG, i.e., parallel to its long axis. Pfeifer (1920) provided important new insights into AR topography, based on his myeloarchitectonic studies at high spatial resolution. He emphasized that AR takes a different (i.e., nonlongitudinal) course entering HG in the ventral-to-dorsal direction ( Fig. 2A) . Pfeifer (1920) also did not find "a single AR fiber which courses through the lenticular nucleus" and mentioned insufficient visualization of AR in multiple planes as one of the limitations of previous contradicting reports. Since then the posterior border of the internal capsule and its sublen-ticular portion have been identified as macroscopic landmarks for defining AR topography (Tanaka et al., 1991) .
With respect to AR topography, two further observations deserve attention. First, Pfeifer (1920) and Flechsig (1920) confirmed the earlier description (Dejerine, 1895) of a specific region in the depth of the temporal lobe termed "carrefour sensitif," where AR is characterized topographically by its close spatial relation to the optic radiation. Similar regions of local fiber crossings and high fiber packing densities, so-called "nodal points," may relate to especially vulnerable regions of cerebral networks and will deserve more attention, especially in lesion localization studies. Second, AR has occasionally been subdivided into separate dorsal and ventral portions in experimental animal studies (von Monakow, 1882) . On the basis of his more detailed observations in the human brain, Pfeifer (1920) concludingly suggested that the description of two separate portions of AR was mislead by different fiber densities along both ends of the fanlike pattern of AR. Accordingly, the fan of AR fibers constitutes a "hat" covering the end of the lenticular nucleus.
MATERIALS AND METHODS

Subjects
Stereotaxic mapping and volumetry are based on the analysis of 10 human postmortem brains (five female   FIG. 1 . Localization of the acoustic radiation in the classical myeloarchitectonic studies. The orientation of sectioning planes varies between the different studies and does not coincide with Talairach planes (Talairach and Tournoux, 1988) . AR, acoustic radiation; HG, Heschl's gyrus. Orientations as indicated: A, anterior; D, dorsal; M, medial; P, posterior. (A) Sagittal myelin-stained section showing the relationship between AR and a single HG (modified from Pfeifer, 1920) . The white rectangle indicates the approximate position of C (Note: A and C are from different brains). (B) Axial myelin-stained section through the temporal and occipital lobes demonstrating the medial-tolateral extent of AR (modified from Flechsig, 1920) . (C) Sagittal myelin-stained section showing that AR may project only to portions of HG (Pfeifer et al., 1920) . Cortical macroanatomy (here: two transverse gyri) does not coincide with fiber tract patterns. (D) Coronal section through the temporal lobe showing the lateral course of AR as depicted in Dejerine's atlas (1895) . AR terminates in a single Heschl's gyrus (HG), but no border to fibers projecting more laterally to the first temporal gyrus is visible. and five male brains; age range 37 to 85 years), which were obtained by the body donor program of the Anatomical Institute of the University of Dü sseldorf in accordance with the legal requirements. The individuals had no history of chronic neurologic or psychiatric diseases. The brains are identical to those used in a previous cytoarchitectonic study of PAC (Morosan et al., 2001; Rademacher et al., 2001a ) and a previous myeloarchitectonic study of the optic radiation .
Methods
All procedures, including histology and probabilistic architectonic brain mapping (Geyer et al., 1996 (Geyer et al., , 1999 (Geyer et al., , 2000 Amunts et al., 1999 Amunts et al., , 2000 Grefkes et al., 2001; Morosan et al., 2001; Rademacher et al., 2001a,b) , spatial transformation (Schormann et al., 1993 (Schormann et al., , 1995 Zilles, 1997, 1998) , and myeloarchitectonic analysis (Bü rgel et al., 1997 Rademacher et al., 2001b) have been described in detail in previous articles. Only major points will be summarized here.
MR Imaging and Histological Processing
In order to allow for a correction of histological deformations, 3-D MR scans (T1-weighted FLASH gradient echo sequence; Siemens Magnetom 1.5 T) of the same formalin fixed brains were acquired prior to further histological processing. Technical factors have been documented in recent reports and were not modified for the present study Morosan et al., 2001; Rademacher et al., 2001a,b) . After MR imaging, all brains were dehydrated in graded series of alcohols, embedded in paraffin and serially sectioned (20-m-thick coronal whole brain sections). Every 60th section was mounted on a gelatin-coated slide, stained for myelin, and digitized with a CCD (charge-coupled device) camera for the subsequent reconstruction of the histological brain volume (see below).
Myeloarchitectonic Identification of AR
AR was identified at microscopic resolution in each myelin-stained section by the criteria fiber staining, fiber origin, and fiber orientation. For optimal visualization of AR fibers we used a modified HeidenhainWoelcke technique for myelin (Bü rgel et al., 1997) . This procedure enhances the staining contrast between heavily and less myelinated fiber tracts. The observerdependent intra-and interrater variability with respect to the tracing of the borders does not exceed Ϯ 1 mm in each direction .
Cytoarchitectonic Identification of MGN
We identified MGN on the basis of a standard cytoarchitectonic technique (Merker, 1983) and used adjacent myelin-stained sections for validation. Cytoarchitectonically, MGN is characterized as a region with densely packed small neurons (Winer, 1984) . In contrast to the neighboring lateral geniculate nucleus, it does not have a conspicuous laminar pattern. In the adjacent myelin stained sections MGN appears darker (i.e., more myelin) than cerebral cortex but it is relatively pale compared with AR or the neighbouring optic radiation. The transitions between MGN subregions are not always abrupt and their exact borders may be difficult to determine (Winer, 1984; Morel et al., 1993) . All our data are based on measurements of the total MGN volumes.
Probabilistic Mapping
After architectonic analysis, the reconstruction of the volumes of the histological brains, AR, and MGN are important preconditions for the generation of the probabilistic maps Zilles, 1997, 1998) . The histological volume of each brain was reconstructed from the digitized histological sections and warped to the undistorted MR volume of the same brain using linear and nonlinear transformations. An image analysis software package with an interactive voxel-painting program (KS 400; Zeiss, Germany) was used to trace the extent of AR and MGN. Thus, architectonically defined representations of AR and MGN were obtained in the reconstructed histological volume of each brain. All ten brain volumes were then "normalized" separately by warping them to the reference brain of the computerized brain atlas which is oriented in the Talairach coordinate system (Roland et al., 1994) . Probabilistic maps were generated by superimposing AR and MGN of the normalized brains (n ϭ 10) in 3-D space Zilles, 1997, 1998) . For each voxel of the reference brain, a grey value codes for how many individual brains have a representation of AR or MGN in this particular voxel. Probabilistic maps were used (i) to evaluate individual and interhemispheric positional variability of AR and MGN; (ii) to create "discrepancy maps" by superimposing our probabilistic maps and the Talairach maps in 3-D space. These combined maps visualize stereotaxic differences in the localization of AR and MGN between the probabilistic method and the Talairach atlas; (iii) to evaluate the position of the "carrefour sensitif " as a putative "nodal point," defined by the assumed close topographical relationship between AR and optic radiation. For this purpose, our probabilistic maps of AR were combined with those of the optic radiation by superimposing them in 3-D reference space; (iv) to measure the stereotaxic coordinates for the maximum extent of AR and MGN by defining the bounding box (Penhune et al., 1996) , which contains the total volume of AR and MGN from all ten brains. The resulting Talairach coordinates can be compared with any type of data which is compatible with the Talairach system (Talairach and Tournoux, 1988) .
Volumetric Measurements
The histological volumes of each brain (before transformation to the 3-D reference brain) were used to calculate the volumes of AR and MGN according to the formula: Volume of the structure (V) ϭ N ϫ A, where N is the number of voxels attributed to AR or MGN; and A is the volume of one voxel in the histological volume (mm 3 ) (image analysis software KS 400; Zeiss, Germany). Correcting for histological artefacts by a spatial normalization procedure described previously (Rademacher et al., 2001a,b) , all measurements can be expected to correspond to the true volumes of AR and MGN in living subjects. Interhemispheric asymmetry of AR and MGN was defined as any side difference which is larger than 10%. Left-right comparisons of the volumes of AR and MGN were performed by paired (left vs right hemisphere) t tests (␣ ϭ 0.05).
RESULTS
Localization of AR and MGN by Cerebral Landmarks
Figure 2 combines Pfeifer's (1920) visualization of AR ( Fig. 2A ) with a coronal (Fig. 2B ) and a sagittal section (Fig. 2C ) through the reconstructed histological volume of one brain of the present series. While the templates (Figs. 2A to 2C) may give an approximation to the general topography, they do not provide adequate data for the purpose of modern brain mapping studies. The representations of AR in the coronal plane provide most topographical details about its course, visualizing its total medial-to-lateral extent. AR originates from MGN and takes a longitudinal and upward course in the lateral direction where AR fibers show a fan-like arrangement opening against the auditory cortex. The results do not support the assumption that AR is subdivided into separate dorsal and ventral portions along its medial-to-lateral extent. The course of AR through the white matter can be approximated by the topographical relationship between MGN, the posterior margin of the internal capsule, the ventral rim of the insula, and the position of HG (in case of a single transverse gyrus) on the superior temporal plane. AR
FIG. 2.
Landmark-based topography of medial geniculate nucleus, acoustic radiation, and primary auditory cortex. (A) Schematic overview (modified) as shown by Pfeifer (1920) . The medial brain surface and the cerebral white matter have been removed. The view is from below left (arrow). The medial geniculate nucleus (MGN), acoustic radiation (AR), caudate nucleus (CN), thalamus (Th), and optic tract (OT) are shown. The internal capsule (IC) has also been marked, as well as the grey-white matter border of the pre-(PRG) and postcentral (POG) gyri, the planum temporale (PT, dark grey), and the Sylvian fissure (dashed line; the insula has been removed).
(B, C) Myelin-stained sections of one individual brain of the present study. The grey matter appears relatively bright and the white matter is darker. (B) The medial-to-lateral extent of the thalamocortical auditory system can be identified in this coronal myelin-stained section (Talairach plane: y ϭ Ϫ19). (C) In this case, a myelin-stained sagittal section (Talairach plane: x ϭ ϩ48) shows that AR (white) projects to the first transverse gyrus exclusively, containing PAC (black).
does not penetrate the lenticular nucleus. As a rule, AR connects to large portions of HG, but no macroscopic landmarks allow predictions about the precise localization and extent of AR. In the anterior-posterior direction, the first temporal transverse sulcus (incidence ϭ 100%) coincides more often with the anterior border of AR than does Heschl's sulcus (incidence ϭ 100%) with its posterior border. The intermediate transverse sulcus, present in 8 of 20 hemispheres (40%), may or may not indicate the position of AR. In the medial-to-lateral direction, HG does not contain any landmarks which indicate the termination patterns of AR. The classical hypothesis that AR fibers always project to the medial two thirds of HG was not supported by our data. MGN is characterized as a corpuscular thalamic nucleus just above the lateral recess of the ambient cistern and in proximity to the lateral geniculate nucleus.
Probabilistic Maps of AR and MGN
There is a major variability in the localization of AR and, to a minor degree, MGN between subjects and between hemispheres. The findings for AR are visualized in the axial (stereotaxic atlas format in Figs. 3A and 3B) and sagittal (Fig. 4) probabilistic maps, the coronal discrepancy maps (Fig. 5) , and the combined probabilistic maps assigning the "carrefour sensitif " to distinct regions of the temporal lobe (Figs. 6B and 6D). The findings for MGN are shown in the axial probabilistic maps (Figs. 7A and 7B) and the axial discrepancy maps (Figs. 7C and 7D ). In general, right-sided regions do not appear to be the mirror images of (contralateral) left-sided regions. The observed variations are not homogeneous in the three standard (x, y, and z) planes.
Stereotaxic variability of AR. Probabilistic images of AR are presented in standardized space at 2-mm intervals and constitute a stereotaxic atlas which can be readily applied to the localization of AR (Figs. 3A and 3B). For better visualization, three additional sections of the stereotaxic atlas exemplify spatial variability of AR in the sagittal plane (Fig. 4) . Minimum and maximum Talairach coordinates of AR (bounding box) are summarized in Table 1 . For comparison, the respective coordinates of the Talairach atlas (Talairach and Tournoux, 1988) are also shown. The Talairach atlas shows AR in only four coronal slices (i.e., y ϭ Ϫ20, Ϫ24, Ϫ28, Ϫ32) and the complete borders of AR are not indicated in the sagittal and axial standard planes. Therefore, the present myeloarchitectonic data provide new stereotaxic descriptors for the localization of AR.
The following linear measurements of the distances between the maximum borders of AR (i.e., outer borders of AR in the probabilistic maps; color-code ϭ dark blue) and the borders of AR in the Talairach atlas further quantify stereotaxic discrepancies (calculated from Table 1 ). The posterior border of myeloarchitectonic AR is shifted caudally by 6 mm on the left side and its anterior border is shifted rostrally by 22 (left side) to 30 mm (right side). Thus, the highest degree of mismatch with respect to the Talairach atlas can be expected for the localization of the anterior border of AR bilaterally. In addition, interhemispheric side differences for the spatial position of AR were observed in our brain series. In the anterior-posterior direction, right-sided AR is located 6 (posterior border) to 8 mm (anterior border) anteriorly, compared to left-sided AR. The discrepancy maps show that the location of architectonically defined AR fibers differ in all planes from their respective location in the Talairach atlas (Fig. 5) . Finally, the results confirm earlier descriptions of the "carrefour sensitif " in the depth of the temporal lobe where the spatial localization of AR and optic radiation are closely related (Fig. 6 ). This "nodal point" can now be localized by new stereotaxic and probabilistic mapping tools.
Stereotaxic variability of MGN. Figures 7A and 7B show horizontal sections through the reference brain with the probabilistic maps of MGN being superimposed. These maps are based on data from the same brains (n ϭ 10) as for AR and describe, for each structure and each voxel, how many brains have a representation of MGN in a given voxel. High variability of MGN is represented by a low degree of overlap (dark blue ϭ one brain) at distinct spatial locations. The probabilistic maps show that maximal overlap of MGN does not exceed ϳ50%, indicating individual spatial variations. The discrepancy maps in Figs. 7C and 7D visualize the differences between the stereotaxic position of MGN as identified in the present study and its location as shown in the Talairach atlas. Minimum and maximum Talairach coordinates of architectonically defined MGN (bounding box) are summarized in Table  1 and can be compared with the respective coordinates of the Talairach atlas.
Linear measurements (see above) between the position of MGN in our maps and in the Talairach templates further quantify stereotaxic discrepancies at the thalamic level. In comparison with the Talairach atlas, the posterior border of MGN is shifted caudally by 4 (right side) to 6 mm (left side) and the anterior border is shifted rostrally by 3 mm on the right side. The superior borders are located more dorsally by 2 (left side) to 3 mm (right side) and the inferior borders are shifted ventrally by 4 (right side) to 5 mm (left side). The lateral borders are located more medially by 4 mm on the left side and more laterally by 3 mm on the right side. Thus, the highest degree of mismatch with respect to the Talairach atlas can be expected for the localization of the posterior and inferior borders of MGN bilaterally. Interhemispheric differences for the spatial position of MGN were found for its anteriorposterior extent with right-sided MGN being located 3 mm anteriorly, compared to left-sided MGN. 
Volumetry of AR and MGN
Based on the individual volumes, we calculated means, standard deviations and asymmetry patterns of left (n ϭ 10) and right (n ϭ 10) AR and MGN. The 
DISCUSSION
Using a stereotaxic and volumetric architectonic brain mapping approach based on serially sectioned and myelin-stained human postmortem brains, we were able to define the spatial location, volume and individual variability of AR and MGN. Probabilistic discrepancy maps and linear measurements show that the Talairach atlas grossly underestimates the amount of topographical and volumetric variations of both AR and MGN. This new probabilistic approach provides the tools to overcome many of the limitations of previous stereotaxic or landmark-based methods for the localization of the subcortical auditory system. Given the considerable scientific and clinical interest in thalamocortical relationships, there is a lack of knowledge in the primate auditory system (Rauschecker, 1997) . The classical qualitative anatomical descriptions of auditory topography and architecture by Dejerine (1895) , Brodmann (1910) , Flechsig (1920), and Pfeifer (1920) cannot be transferred to modern 3-D brain atlases, because they do not provide stereotaxic or volume data.
The general availability of such data is however essential for the study of structure-function relationships in the brain (Roland et al., 1994; Mazziotta et al., 1995 Mazziotta et al., , 2001 Zilles et al., 1995; Fox et al., 2001; Van Essen et al., 2001) and for the anatomical validation of recently developed in vivo brain imaging techniques such as fiber tract analysis with DTI (Conturo et al., 1999; Virta et al., 1999; Basser et al., 2000; Le Bihan et al., 2001; Pierpaoli et al., 2001; Stieltjes et al., 2001) . Adequate myeloarchitectonic maps will also improve our capacity to define the in vivo maturation patterns of specific fiber tracts during ontogenesis (Barkovich et al., 1988; Paus et al., 1999; Rademacher et al., 1999) . The stereotaxic mapping of "nodal points" (here: AR and optic radiation) introduces new data to distinguish fiber identity and to localize brain regions which contain multiple functionally diverse fiber tracts. Finally, the measurement of fiber tract volumes appears to be an important prerequisite for studies of (i) the relationship between structural size/asymmetry patterns and functional competence, (ii) regional "white matter atrophy" in neurological disease, and (iii) methodological validity of DTI fiber tracking. More generally, our results relate to a new concept in brain mapping procedures which combines quantitative cyto-, myelo-, and receptorarchitectonic data in order to improve localization and parcellation in the human brain for the purpose of clinical studies and neurological research Zilles, 1996, 1998) .
Architectonic Topography
There are relevant variations in the topography of AR and MGN, which can be described by two different methods. The classical approach provides information about the association between macroanatomic (MR visible) landmarks and the putative architectonic borders of AR and MGN. In contrast, the microstructural prob- Note.
(1) Talairach atlas (Talairach and Tournoux, 1988) ; (2) myeloarchitectonically defined acoustic radiation (AR; n ϭ 10 brains); (3) cytoarchitectonically defined medial geniculate nucleus (MGN; n ϭ 10 brains).
abilistic approach maps spatial extent and intersubject variability of AR and MGN in a stereotaxic reference system. Because previous (Morosan et al., 2001; Rademacher et al., 2001a) and present data do not support the hypothesis (Pfeifer, 1920) that the relationship between macro-and microanatomy in the auditory system follows a rigid pattern which can be predicted by a standardized model, our report is focused on "probabilistic stereotaxy." Talairach and Tournoux (1988) were the first to provide quantitative stereotaxic descriptors of fiber tract location in the human brain. Recently, however, striking topographical variations of cerebral fiber bundles have been demonstrated in Talairach space Rademacher et al., 2001b) . From these data, it is apparent that normative brain templates from a single brain would likely cause significant mismatch when rigorously applied to in vivo brain mapping studies. By providing a probabilistic stereotaxic atlas which contains series of myeloarchitectonically defined AR maps at regular and close intervals and in sections parallel to the AC-PC line, the degree of topographical precision which can be achieved is greater than in the Talairach atlas. Interindividual and interhemispheric variations are accounted for by visualizing probabilistic maps of AR thereby reducing error in target identification.
Stereotaxic variability of AR. AR can be characterized as a single heavily myelinated fiber tract which connects MGN and PAC, reaching the latter in a vertical slope from below. Topographically, our results do not support the view that AR is subdivided into separate dorsal and ventral portions along its medio-lateral extent. As noted by Pfeifer (1920) , it does not penetrate the lenticular nucleus. Did the myeloarchitectonic probabilistic maps for AR match the location of AR in the Talairach atlas? In a previous probabilistic study of the primary motor system, striking discrepancies in the order of centimeters have been documented between the individual course of the pyramidal tract and its map as depicted in the Talairach atlas (Rademacher et al., 2001b) . For AR, the greatest differences were observed along the antero-posterior axis, measuring up to 30 mm. These results also parallel the findings of spatial discrepancies for PAC (Rademacher et al., 2001a) . The observed discrepancies to the Talairach templates (Fig. 5) need to be taken into account when interpreting in vivo imaging data. Left-right differences in the stereotaxic position of AR showed that right-sided AR is consistently localized more anteriorly than left-sided AR. Such asymmetry is relevant for the anatomical interpretation of functional activation and lesion-deficit studies. It may imply either that there are interhemispheric differences in the thalamocortical connectivity of the auditory system or that the whole right-sided system is shifted in the anterior direction. Because a similar lateralized hemispheric shift exists also for the position of PAC (Rademacher et al., 2001a) , we favour the hypothesis of a hemispheric shift.
Stereotaxic variability of MGN. The same sort of coordinate-based data as for AR were also generated for MGN. The Talairach atlas suggests that the AC-PC line bears a constant spatial relationship especially to thalamic nuclei and other structures of the subcortical grey matter. Thus, we expected the range of stereotaxic variability of subcortical MGN to be considerably smaller than for cortical PAC ("principle of vicinity") as defined previously (Rademacher et al., 2001a) . Our discrepancy maps, however, show that also the location of architectonically defined MGN varies in all planes from the respective location in the Talairach atlas (Figs. 7C and 7D) . Because MGN is a corpuscular structure, the coordinates of its bounding box from ten brains (Table 1) are more valuable (i.e., most of the voxels inside the bounding box contain MGN ϭ high specificity) for localization than those of AR. The latter contains more false positive voxels due to its elongated and curved shape. Left-right differences in the stereotaxic position of MGN were smaller than for AR, but again the right-sided region was consistently localized more anteriorly than its left-sided counterpart. The finding of spatial variations in thalamic topography is further supported by recent data from Morel et al. (1997) . Interindividual comparisons of thalamic nuclei in a series of five human brains showed relevant variations in their localization and urged the authors to propose a set of stereotaxic adaptations. For example, the intercommissural AC-PC distance in the histological brains varied between 23 and 29 mm.
Thalamocortical connectivity. On the background of our stereotaxic anatomical data, related aspects of the underlying concept of functionally relevant thalamocortical connectivity in the auditory system must be discussed in brief. Most importantly, it may be assumed that any systematic interpretation of cerebral connectivity must consider the 3-D course and relationships of specific fiber tracts through the surrounding white matter. The combined maps of AR and the optic tract, as shown in Fig. 6 , reflect this major principle. However, the results of comparative studies in the macaque monkey, which support the view that the morphology of thalamocortical connections is important for functional differences in information processing (Pandya et al., 1994; Dehay et al., 1996; Ergenzinger et al., 1998; Darian-Smith et al., 1999; Budinger et al., 2000) , do not generally document fiber tract topography. In the human, sources of data relating to this aspect of fiber tract organization are even more limited (Dejerine, 1895; Flechsig, 1920) . Lesion localization studies have become the standard tool to approximate fiber tract topography and to reveal the functional relevance of fiber tracts via the demonstration of so-called disconnection syndromes (Geschwind, 1965a,b) . We suggest that the anatomical validity of lesion localization studies can be improved considerably by implementing the present stereotaxic and probabilistic approach to map AR and MGN as well as other structural-functional systems. The clinical neurological syndrome of "auditory agnosia" (i.e., deficit in complex sound perception or identification in the absence of deafness), a prototype of a disconnection syndrome in the auditory system, may serve as a model to discuss future applications in principle. Since the pioneering studies of Ferrier (1875) and Henschen (1920) , there has been a longstanding debate as to whether bilateral destruction of either PAC or AR results in auditory agnosia. In the brain of the macaque monkey, bilateral experimental lesions of PAC apparently do not cause permanent deafness (Heffner and Heffner, 1990) . Less recovery of function in the human brain as compared with the monkey brain, being compatible with the clinical diagnosis of auditory agnosia, may or may not have been caused by the inclusion of the surrounding auditory association areas in naturally occurring human brain lesions. Alternatively, it has been argued that the extent of bilateral damage to AR "underlying the insular cortex" and "adjacent to the posterior half of the putamen" may be the most relevant factor which Flechsig, 1920) are depicted which show the classical approach in one individual brain. The results of the stereotaxic and probabilistic method are demonstrated by (B) a coronal section through the computerized brain atlas (ECHBD) which has been reconstructed at x ϭ Ϫ16 and (D) a sagittal section which has been reconstructed at y ϭ ϩ40. The probabilistic maps of myeloarchitectonically defined AR (color code: increasing probabilities in steps of 10% from dark blue to dark red) and optic radiation (color code: transparency in red indicates the 90% probability zone; calculated from Bü rgel, 2000) from 10 brains have been superimposed. determines the severity of the hearing loss (Tanaka et al., 1991) .
Other pathoanatomical data have led to an even more complex view differentiating three clinical syndromes (review by Tanaka et al., 1991) : (i) disconnection syndromes destroying AR may cause auditory agnosia (prephonemic deficit); (ii) cortical lesions of the left superior temporal lobe may result in pure word deafness (linguistic deficit); (iii) unilateral or bilateral temporoparietal or subcortical lesions have been documented in patients with nonverbal auditory agnosia (deficit to environmental sounds). Not only the exact role of hierarchically organized auditory cortical areas and fiber tracts in these syndromes remains to be determined, but also that of distinct thalamic nuclei needs further study. Lesions occurring peripherally to MGN (prethalamic) may cause hearing loss and those located centrally (bilateral) to MGN (postthalamic) may result in auditory agnosia. It is unclear, however, if thalamic lesions may also cause auditory agnosia (Webster and Garey, 1990) . Small lesions to the MGN have also been related to auditory illusions of hyperacusis and palinacusis (i.e., auditory perseveration) (Fukutake and Hattori, 1998) . The present probabilistic maps of AR and MGN together with the previously documented probabilistic maps of PAC (Rademacher et   FIG. 7 . Probabilistic maps and discrepancy maps of MGN in standardized stereotaxic space. (A, B) The axial sections through the computerized brain atlas (MR images) have been reconstructed at x ϭ Ϫ1 and Ϫ7 (x values are Talairach planes). The probabilistic maps of cytoarchitectonically defined MGN from 10 brains have been superimposed. Color code: increasing probabilities from dark blue (10% overlap) to dark red (100% overlap). White rectangles indicate the position of (C, D), where the same axial slices are used to show the discrepancies between the stereotaxic position of MGN as identified in the present study (color-coded probabilistic map) and MGN as shown in the Talairach atlas (red circles). There is a "reasonable" overlap in that MGN from the Talairach atlas is always included in the probabilistic map of MGN (false positives are low). However, the Talairach atlas considerably underestimates the maximal variation zone of MGN (false negatives are high).
al., 2001) and the stereotaxic idendification of "nodal points" provide new tools that can greatly improve the analysis of similar issues in cerebral connectivity.
Architectonic Volumetry
As a complement to topographical analysis, the mean volumes and asymmetry patterns for AR and MGN are here documented bilaterally in the same series of 10 brains. Collectively, the architectonic volumes of AR and MGN indicate that individuals and hemispheres differ substantially in the size not only of the auditory cerebral cortex (Rademacher et al., 2001a) , but also in the size of related thalamocortical connections (i.e., AR) and thalamic nuclei (i.e., MGN). Similar differences between species can be explained in part by the perceptual and behavioural differences between them (Krubitzer, 1995) . Ontogenetically, such differences may relate in part to different degrees of functional competence in a given modality. To the extent that region size is related to brain size, the results reflect partly also variations in brain size. However, variability of brain volumes (factor Ͻ 2) was smaller than variability of AR (factor ϳ 3) and MGN (factor ϳ 3) volumes in our series of 10 brains and cannot explain the total variance. A disproportionately high degree of regional variations as compared to whole brain variations has already been reported for MR-defined gyral volumes (Kennedy et al., 1998) .
Volumetric variability of AR. Using myeloarchitectonic analysis in 10 normal human brains, this is the first study of AR which reports bilateral volumetric data. The common interpretation of increases in the size of distinct fiber tracts has been that they reflect increases in the degree of connectivity. Flechsig (1876 Flechsig ( , 1908 was one of the first to suggest that fiber tract morphology may also have an effect on functional measures, especially language lateralization. In analogy, others have speculated that handedness (Witelson, 1985) or musical ability may modify the structure of commissural fiber tracts such as the corpus callosum. Obviously, macroanatomic fiber tract size is not a perfect marker of axonal number.
Differences in the degree of myelination may confound differences in the number of axons. Like our volumes for AR, morphometry of the optic radiation in humans indicates that fiber tract volumes at the level of projection systems may vary over a threefold range (Bü rgel, 2000) . Further study is needed to understand whether the degree of volumetric fiber tract variability is similar for all brain regions or whether it follows hierarchical patterns of brain organization. If the latter is true, it may be speculated that relatively constant primary cortical regions (Armstrong et al., 1995) and their fiber tracts may show smaller variations than the more variable association cortices and associated fibers. Recent evidence suggests that anatomic variability may also be influenced by regional effects (for example, high variability in the temporoparietal region) and not only by functionally defined hierarchical position .
Volumetric (a)symmetry of AR. With regard to hemispheric lateralization, there is a striking contrast between the large number of morphometric reports on interhemispheric symmetry and asymmetry of macro (Penhune et al., 1996; Shapleske et al., 1999) and microanatomic (von Economo and Horn, 1930; Geschwind and Galaburda, 1985; Witelson et al., 1995; Rademacher et al., 2001a) auditory cortical regions on one side, and a lack of comparable studies for AR (and MGN) on the other side. Most often, the exact relationship between cerebral asymmetry and side differences in function is not known. Recently, MR volume measurements of the macroanatomically defined white matter underlying HG revealed significant left Ͼ right asymmetries (Penhune et al., 1996) . The authors interpreted their finding of a leftward white matter asymmetry as a side difference in the volume of auditory fibers that carry information to and from PAC. They suggested, that this asymmetry may reflect greater left-sided myelination which could allow faster conduction of nerve impulses and that it may be related to asymmetry of the planum temporale and language lateralization. Volumetric asymmetry "favoring" the left hemisphere has also been reported for the myeloarchitectonically defined optic radiation and the pyramidal tract (Rademacher et al., 2001b) . These studies not withstanding, we hesitate to support speculations about fiber tract asymmetry because varying proportions of HG are occupied by PAC and by non-PAC areas (Morosan et al., 2001; Rademacher et al., 1993 Rademacher et al., , 2001a . In the present study, individual differences in the number of transverse gyri were not associated with side differences of AR. Consequently, individual variations of connections to and from PAC cannot be predicted from macroscopic parcellation. In contrast, myeloarchitectonic analysis of AR is based on less arbitrary markers of the functionally relevant white matter anatomy. Our volume measurements of AR demonstrate no significant asymmetries. The mean volume of AR is 868 mm 3 on the left side and 838 mm 3 on the right side. A left Ͼ right asymmetry was present in only 40% of the brains. Lack of volumetric asymmetry implies no direct relationship of AR volumes to either (left-) hemispheric language lateralization or the preferential role for left PAC in processing temporal aspects of auditory stimuli. Nevertheless, with a varying degree and direction of asymmetry, more than twofold volume differences may occur between the hemispheres of individual brains. The functional significance of individual asymmetry being unknown, it will stimulate future studies with in vivo DT-MR (Peled et al., 1998) . Volumetric variability of MGN. At the thalamic level, structural variability has been described in de-tail for the lateral geniculate nucleus, especially with regard to its architectonic lamination (Hickey and Guillery, 1979) . Individual variations of a factor of two have been reported for the number of lateral geniculate cells (Ahmad and Spear, 1993) . This does not necessarily mean that an analogous amount of structural variability can be expected for all thalamic nuclei and their total volumes. Using cytoarchitectonic analysis, the present study provides volumes for the total size of MGN. These volumes, which may also be visualized with high-resolution T1-weighted MR, include all neurons in MGN and do not differentiate between MGNv ventrally, MGNd dorsally, and MGNm medially. The impressive degree of interindividual variability of MGN can be further underlined by comparison with the results of experimental lesion studies in animals. Following hemineodecortication in cats, the thalamic volume reduction ipsilateral to the resection is approximately 50% (Schmanke et al., 1998) . Thus, the amount of natural volumetric variability in the present series of healthy human brains is in the order of lesion related variations in that study. This implies that the growing amount of volumetric studies, which define both normative standards and distinct patterns of brain disease need to be very carefully designed, in order not to confound biological variability and pathological atrophy/hypertrophy.
Volumetric (a)symmetry of MGN. Structural asymmetry of the thalamus has been reported for cats (Villablanca et al., 2000) and other experimental animal data suggest functional asymmetry of MGN as well (King et al., 1999) . In the human, "atypical" thalamic volumes may be related to psychiatric brain disease (Gilbert et al., 2001 ) and "atypical" left Ͻ right crosssectional neuronal areas in the MGN may be related to abnormal auditory processing in dyslexics (Galaburda et al., 1994) . In the present series of brains, there is no significant interhemispheric asymmetry of total MGN volumes. Left Ͼ right asymmetry of MGN volumes is present in only 40% of the brains. The mean volume of MGN is 73 mm 3 on the left side and 72 mm 3 on the right side. In individual hemispheres, however, side differences were observed with the smaller ipsilateral side representing less than two thirds of the larger contralateral side. In a previous cytoarchitectonic study, a "slight right-sided bias" has been reported for the human MGN (Eidelberg and Galaburda, 1982) . Because of the high incidence of left-hemispheric language lateralization in the population reaching approximately 90%, MGN asymmetry does not appear to be a structural correlate for the lateralization of language related auditory functions.
Rationale and Applications
The degree to which functionally specific fiber tracts coincide with topographically specific white matter regions of the human brain is an open question. There is no method available to perform an accurate and reliable non-invasive tracking of neuronal connections between cortical areas, despite DTI, which still needs to be evaluated in detail (Pajevic and Pierpaoli, 1999; Le Bihan et al., 2001; Stieltjes et al., 2001) . Our maps can be readily used to localize AR and MGN for a given range of probability. Such topographically specific anatomic analyses at high spatial resolution provide a comprehensive system for cerebral white matter parcellation which can be applied to structural-functional brain mapping studies and lesion-deficit studies. In addition to the volumetric and stereotaxic characterization of myelo-and cytoarchitectonically defined auditory brain regions (as discussed above), the systemslevel approach can be used for understanding aspects of brain organization, when used as a complement to in vivo brain imaging techniques. For example, a fundamental finding of a recent DTI study on the microstructural basis for reading ability is that the functional anatomy of fiber tracts connecting temporoparietal and frontal cortices may contribute to reading ability by determining the strength of communication between cortical areas involved in visual, auditory, and language processing (Klingberg et al., 2000) . Thus, white matter diffusion anisotropy in a large temporo-parietal region of the left hemisphere in standard anatomical space (Talairach and Tournoux, 1988) correlates with reading scores of reading-impaired adults with a history of developmental dyslexia and normal controls (Klingberg et al., 2000) . The authors concluded that these differences in the microstructure of the temporoparietal white matter underlying perisylvian cortical areas represent a structural correlate of reading skill. Indeed, previous neuroanatomical and -radiological studies have converged to suggest an atypical organisation in the temporal bank of the left-hemispheric Sylvian fissure for dyslexia (Habib, 2000) . The available anatomical templates relating to fiber tract anatomy in the human brain (Dejerine, 1895) suggest that involvement of the arcuate fasciculus is consistent with the DTI findings (Klingberg et al., 2000) . At the hierarchical level of brain organization, these important findings relate exclusively to temporo-parietal association systems. However, the available evidence points to dyslexia as a multi-system deficit in processing brief stimuli in rapid temporal succession possibly including primary auditory (Galaburda et al., 1994; Leonard et al., 2001 ) and primary visual systems (Livingstone et al., 1991; Jenner et al., 1999) . Consequently, it may be hypothesized that an additional locus for a deviant organization of fiber tracts at the hierarchical level of the primary projection fiber tracts is plausible. Indeed, in the DTI study of Klingberg et al. (2000) , nearly half of the voxels of the region-of-interest for the bilaterally significant cluster in the between-group analysis (i.e., discrepancy between reading-impaired subjects vs controls) did not show the expected anterior-posterior orientation for the arcuate fasciculus. The comparison of our anatomical map for left-sided AR with the region of decreased diffusion anisotropy in the DTI study (Fig. 3 in the original report by Klingberg et al., 2000) shows that the focus of altered diffusion anisotropy overlaps in part with the myeloarchitectonic border of AR, as defined by the 70% probability contour (i.e., 70% of the brains have a location of AR in this region; Fig. 8) . Thus, the original DTI data may also be convergent with previous evidence that describe the role of the primary auditory system. Although this example for multimodal analysis is limited by its retrospective design, it underlines the importance of postmortem highresolution human brain data for understanding fiber tract organization in the living human brain.
The comparison of our anatomical maps with those obtained recently by intraoperative electrical stimulations to perform subcortical language pathway mapping in patients with brain tumour (Duffau et al., 2002) may also provide new insights into anatomic-functional correlations. Surgical interventions at the subcortical level still present a high risk of neurological deficits, despite the preservation of functionally relevant cortical structures. The combination of different structural/topographical and functional mapping techniques in standardized stereotaxic space could prove ideal for future noninvasive subcortical mapping in patients with cortical and/or subcortical lesions in order to increase the quality of resection. In this context, the observed left-right hemispheric differences in architectonic topography, which have not been appreciated in previous atlases (Dejerine, 1895; Talairach and Tournoux, 1988) , should allow a better knowledge of the precise organization of the fiber tracts. More generally, it can be expected that application of the presented probabilistic architectonic data will greatly increase the spatial precision of mapping subcortical brain lesions which may or may not interrupt the primary auditory system specifically.
Methodological Aspects
The present architectonic brain atlas has major advantages over the classical, qualitative landmarkbased strategies for localizing AR and MGN. The spatial relationship and variation of subcortical structures are easily depicted because the reconstructions are visualized as 3-D probabilistic maps in standard space. Individual variations can be defined quantitatively. Given that architectonic parcellation cannot be made in living subjects, the presented probabilistic approach can provide information about how much imprecision is involved when either macroanatomy or the Talairach atlas are used as markers for only architectonically definable structures.
A few limitations of the study need to be mentioned as well. Our results may suggest that AR projects exclusively to PAC, stopping at its borders. This is caused by the fact that by definition all myelinated fiber bundles arriving outside the limits of PAC were not included in the here defined AR. Functionally, MGN has been reported to be a major source of input also to nonprimary "auditory" areas, projecting to the posterior two thirds of the superior temporal gyrus, the caudal insula, and the supramarginal gyrus (Locke et al., 1982) . These caveats concerning the identification of specific fiber tracts which are comprised of multiple pathways and have multiple targets also hold true for all previous morphological studies in the human brain and the Talairach atlas. The methodological inability to identify these structural details is likely to be critical to the study of human brain connectivity. To date, fiber tracing techniques in animal research represent the best tool to overcome these limitations and to study brain organization at the level of interneuronal circuitry. The utility of extrapolations from primate experiments, in terms of anatomic-functional correlations (as discussed above), is not questioned by the present results. Nevertheless, models of auditory processing of sound stimuli by different subcortical and cortical systems in the macaque monkey may or may not apply also to humans Hackett, 1999, 2000; O'Connor et al., 2000; Rauschecker and Tian, 2000) . The suggestion of similar models to humans is critically dependent on the existence of similar anatomical substrates, and there are differences between the macaque and the human brain. Consequently, definition of human subcortical structures is critical to a proper understanding of the human system. For the future, we suggest that the feasibility of combining architectonic probabilistic maps with DT-MR white matter images will help to validate and optimize in   FIG. 8 . Localization of the acoustic radiation (AR) compared with a white matter region-of-interest (ROI) from a recent study on reading ability using diffusion tensor MR imaging (DTI) (Klingberg et al., 2000) . DTI-defined ROI appears to be related to the microstructural basis for reading ability. The 70% probability contour of myeloarchitectonically defined AR (i.e., 70% of the brains have a representation of AR in that location) is shown for the left hemisphere. AR and ROI have been superimposed to the computerized reference brain in Talairach space (z ϭ ϩ6). The caudate nucleus (C), internal capsule (IC), putamen (P), and thalamus (T) of the standard brain are also shown. Orientations as indicated: A, anterior; L, left hemisphere; M, medial.
vivo MR imaging of cerebral fiber tracts. Myeloarchitectonic probabilistic maps can predict those regions where DTI should show relatively high degrees of anisotropy.
